The PEA3 motif, first recognized in the polyomavirus enhancer, is an oncogene, serum growth factor, and phorbol ester-responsive element. An activity capable of binding to this sequence, termed PEAS (2olyomavirus enhancer activator 3), was identified in mouse 3T6 cell nuclear extracts. We have cloned cDNAs that encode PEA3 from a mouse FM3A cell cDNA library. A continuous open reading frame in the longest cDNA predicts a 555-amino-acid protein with a calculated molecular mass of 61 kD. Recombinant PEA3 binds to DNA with the same sequence specificity as that endogenous to FM3A cells and activates transcription through the PEA3 motif in HeLa cells. Deletion mapping of the protein revealed that the DNA-binding domain is located within a stretch of 102 amino acids near the carboxyl terminus. This region shares extensive sequence similarity with the ETS domain, a conserved protein sequence common to all ets gene family members. PEA3 is encoded by a 2.4-kb mRNA that is expressed to differing extents in fibroblastic and epithelial cell lines but not in hematopoietic cell lines. In the mouse, PEA3 expression is highly restricted; only the epididymis and the brain contain readily detectable amounts of its mRNA. Interestingly, the amount of PEA3 mRNA is down-regulated during retinoic acid-induced differentiation of mouse embryonic cell lines. These findings suggest that PEA3 plays a regulatory role during mouse embryogenesis.
The polyomavirus (Py) enhancer, one of the first such promoter elements to be described, acts in cis to enhance early and late gene transcription and viral DNA replication (Tyndall et al. 1981; MuUer et al. 198S; Mueller et al. 1984; de Villiers et al. 1984; Hassell et al. 1986 ). It occupies -200 bp within the noncoding region of the viral genome and is composed of multiple, functionally redundant sequence elements (Veldman et al. 1985; Mueller et al. 1988; MuUer et al. 1988 ) that serve as binding sites for cellular transcriptional regulatory proteins (Piette et al. 1985; Bohnlein and Gruss 1986; Fujimura 1986; Ostapchuk et al. 1986; Yaniv 1986, 1987; Johnson et al. 1987; Martin et al. 1988; Asano et al. 1990; Kamachi et al. 1990 ). The activity of the enhancer, and by inference a number of its cognate factors, is regulated by serum, phorbol esters, and the products of a variety of nonnuclear oncogenes (C. Wasylyk et al. 1987 Wasylyk et al. , 1988 Imler et al. 1988; Satake et al. 1988; Yamaguchi et al. 1989; Asano et al. 1990; ). In addition, the enhancer is differentially active ^These investigators contributed equally to the research described herein. ^Corresponding author.
both between different cell types and within a given cell type, depending on its state of differentiation (Herbomel et al. 1984) . These observations suggest that the activity and/or the expression of many of the proteins that bind to the viral enhancer is regulated by signals that govern cell proliferation and differentiation.
Although many sequence-specific DNA-binding activities that recognize sequences within the enhancer have been detected in mouse cells (the natural host of Py), with few exceptions, none of them has been unambiguously identified. To learn more about the nature, mechanism of action, regulation, and functional significance of the various activities that bind to the Py enhancer we are cloning mouse cDNAs that encode them as a first step in their analysis. Initially, we targeted PEAS (polyomavirus enhancer activator 3), a putative transcriptional activator, for molecular cloning. PEAS was originally described as a DNA-binding activity capable of protecting the sequence 5'-AGGAAG-S' (the PEAS motif) from digestion by DNase I (Martin et al. 1988) . The PEAS motif, and by inference PEAS, activates transcription and Py DNA replication in murine cells in culture (Martin et al. 1988; Mueller et al. 1988; Muller et al. 1988; Murakami et al. 1990 ). The DNA-binding and transcrip-tional activity of endogenous mouse PEAS is increased by serum, tumor promoters, such as 12-O-tetradecanoylphorbol-13-acetate, and the products of several non-nuclear oncogenes including Py middle-T antigen, v-src, Ha.-ias, v-mos, and y-raf (Wasylyk et al. 1989; . PEAS endogenous to human HeLa cells binds to the collagenase and c-/os promoters (Gutman and Wasylyk 1990) , and putative PEAS-binding sites occur in the upstream regions of a number of other genes whose products are involved in cell growth, migration, and differentiation (Wasylyk et al. 1989; Gutman and Wasylyk 1990) . Interestingly, the PEAS motif forms part of the adenovirus enhancer core element (5'-A/C,GGAAGT-GAA-S') one of the first such elements originally identified by Hearing and Shenk (198S) .
Here, we report the isolation of mouse cDNA clones that code for a protein capable of binding to the PEAS motif. In keeping with the nomenclature established by Martin et al. (1988) , we refer to this protein as PEAS. The amino acid sequence deduced from the PEAS cDNA revealed that it is a member of the ets gene family. Recombinant PEAS has the same DNA-binding specificity as endogenous PEAS and, as with the latter, it activates transcription in mammalian cells in culture. Unlike other ets genes, PEAS is not expressed in mouse hematopoietic cells and organs but, instead, in the epididymis and the brain. This, coupled with the observation that PEAS expression is down-regulated following retinoic acid-induced differentiation of embryonal carcinoma cell lines, suggests that the protein plays a regulatory role in mammalian development and differentiation.
pGEX.SX to yield pGEX.PEAS (Fig. lA) . Two independent isolates of E. coli harboring this plasmid synthesized an abundant 65-kD fusion protein after induction with IPTG, as visualized by Coomassie brilliant blue staining (Fig. IB, lanes 2,S) . The molecular mass of the GST portion of this protein is 27 kD, yielding an estimated molecular mass of S8 kD for the PEAS-specific portion of the molecule. In contrast, a strain of E. coli transformed with pGEX.SX expressed only the 27-kD GST protein, which migrated slightly faster than the 31-kD molecular mass marker in this gel (Fig. IB, lane 1) .
The GST-PEAS fusion protein was tested for its capacity to bind to the PEAS motif after transfer to a nitrocellulose filter by the Southwestern technique (Miskimins et al. 1985) . As illustrated in Figure IB , lanes 5 and 6, a protein with the same size as the GST-PEAS fusion protein is bound to the probe. Because this DNAbinding activity was not detected in cells that express GST (Fig. IB, lane 4) , we infer that the PEAS portion of the fusion protein binds to the PEAS motif.
To determine the molecular mass of endogenous mouse PEAS, we also subjected nuclear extracts prepared from FMSA cells to Southwestern analysis. Two different amounts of nuclear extract were fractionated by SDS-PAGE and either stained with Coomassie brilliant blue (Fig. IC, lanes 7,8) or analyzed by the Southwestern technique (lanes 9,10). A major species of -68 kD and two minor species of -85 and SO kD bound to the PEAS motif. Repetition of this experiment with a probe containing a double point mutation in the PEAS motif that abrogates PEAS binding failed to detect these proteins (data not shown).
Results

Molecular cloning of cDNAs encoding PEAS
A cDNA capable of encoding PEAS DNA-binding activity was isolated by screening a murine cDNA expression library in phage Xgtll with a probe containing multimers of the PEAS motif using the in situ filter detection method Staudt et al. 1988; Vinson et al. 1988 ). The cDNA library was prepared from poly(A)-containing mRNA from mouse FMSA cells, a mammary epithelial cell line that expresses high levels of PEAS DNA-binding activity. A screen of 500,000 plaques yielded two isolates expressing proteins that bound with specificity to the probe. Sequence analysis of these isolates suggested that one was a truncated version of the other. The phage (XPEAS.l) with the longest open reading frame (ORF) was chosen for further analysis.
To study the DNA-binding properties of the protein encoded by the cDNA, we chose to overexpress it in Escherichia coli using the pGEX.SX expression vector (Smith and Johnson 1988) . This vector allows for the synthesis of fusion proteins between glutathione-Stransferase (GST) and the protein encoded by the cDNA. The 1.6-kb cDNA insert was excised from XPEAS.l DNA by £coRI cleavage and cloned into the £coRI site of
Recombinant and endogenous PEA3 bind to DNA with similar sequence specificity
To determine whether the bacterially produced fusion protein bound to DNA with the same sequence specificity as the DNA-binding activity in mouse cell nuclear extracts, we compared their DNA-binding properties by a number of assays. First, the sequence specificity of the mouse protein and the E. coli GST fusion protein were compared by electrophoretic mobility shift assays (EMSAs). Figure 2A shows the capacity of various mutant versions of the PEAS motif to act as competitors in these assays. The wild-type oligonucleotide and mutant oligonucleotides A and E functioned as effective competitors in assays using either the mouse nuclear extract (lanes 2,S,7) or the bacterial extract (lanes 9,10,14). In contrast, mutant oligonucleotides B, C, and D functioned poorly as competitors in binding reactions with both the nuclear (lanes 4-6) and bacterial extracts (lanes 11-lS). These observations indicate that the two activities bind to DNA with very similar sequence specificity.
Inspection of the data in Figure 2A allows derivation of an optimal PEAS-binding motif. Mutation of the sequences 5'-GGAA-S' in the center of the PEAS motif (5'-AGGAAG-S') interfered with the capacity of the oligonucleotides to act as competitors in EMSAs, implying that these residues are critical for PEAS binding. Simi- 3] . Lanes 4-6 are the same as lanes 1-3, which had been transferred to nitrocellulose and reacted with an oligonucleotide containing the PEA3-binding site. (C) SDS-PAGE and Southwestern analyses of mouse nuclear extract. FM3A nuclear extract, 10 and 20 |xg (lanes 7 and 8, respectively), fractionated by SDS-PAGE and stained with Coomassie brilliant blue. Lanes 9 and 10 are the same as lanes 7 and 8, whose contents had been transferred to nitrocellulose and reacted as in B. Molecular weight standards are indicated between the lanes.
larly, mutation of the G and/or T at the 3' extremity of the motif (5'-AGGAAGT-3') also dramatically reduced the capacity of the oligonucleotide to act as a competitor. In contrast, mutation of the 5' A residue (5'-AG-GAAG-3') to a C did not interfere with the capacity of the oligonucleotide to compete in EMSA, nor did mutation of sequences 3' of the PEA3 motif affect competition. These results suggest that the consensus PEA3 motif is closely related to the sequence 5'-A/C,GGAAGT-3'. Additional evidence that the cloned cDNA encodes a protein with the same DNA-binding specificity as PEA3 endogenous to mouse cells was obtained by methylation interference experiments. A DNA fragment containing a single PEA3 motif was used in these experiments with the mouse nuclear extract and bacterial extract containing the GST fusion protein as a source of DNA-binding activity. The results are shown in Figure 2B for the mouse nuclear extract and in Figure 2C for the bacterially produced fusion protein. The bottom strand (see sequence below Fig. 2B,C) contains no A or G residues within the confines of the PEA3-binding motif; consequently, methylation of these residues on this strand did not affect binding of either protein (Fig. 2B,C, lanes 1-3) . In contrast, methylation of the two consecutive G residues in the PEA3 motif (5'-AGGAAG-3') interfered with the binding of the activity in each extract (cf. Fig. 2B , lanes 4 and 5 with these same lanes in Fig. 2C ). These results taken together with those of the competition and Southwestern analyses strongly suggest that the cDNA encodes a protein with the same DNA-binding specificity as the major PEA3-binding activity detected in the mouse nuclear extracts.
DNA sequence of PEA3
The 1.6-kb insert from XPEA3.I was sequenced by the dideoxy chain-termination method (Sanger et al. 1977) and found to contain an ORE capable of encoding a carboxy-terminal fragment of PEA3 comprising 329 amino acids (data not shown). This fragment has a predicted molecular mass of 36 kD, which agrees well with that (38 kD) estimated by measuring the difference in size between the GST-PEA3 fusion protein and GST after analysis by SDS-PAGE (see Fig. IB ). To derive a fulllength cDNA, the partial cDNA was used as a hybridization probe to screen the FM3A cell cDNA library. Several positive phage were identified, and their cDNA inserts were sequenced. One of these, \PEA3.9, contains an insert that encompasses the sequences borne by all the others. The PEA3.9 cDNA comprises 2410 bp, which includes an ORF beginning with an AUG (nucleotide 126) and terminating with a stop codon begirming at nucleotide 1791 that could encode 555 contiguous amino acids (Fig. 3) . The calculated molecular mass of the product of this ORF is 60,842 daltons. The putative initiation codon is preceded by three termination codons in two of the three potential reading frames. This initiation codon, however, lies in a sequence context that does not conform well to that defined by Kozak (1986) to be optimal for translation initiation. Moreover, an ORF that does not initiate with an AUG exists upstream of the putative initiation codon, which could encode an additional 28 amino acids that are continuous with and in the same frame as the major ORF beginning with the AUG. There are also two other potential translation initiation codons, an ACG at nucleotide 81 and a CUG at nucleotide 96 (Herman 1989) , which are in-frame with the major ORF. Several lines of evidence suggest that the AUG (nucleotide 126) is the initiation codon. First, overexpression of the cDNA in COS cells or transcription and translation of the cDNA in vitro in reticulocyte lysates yielded a 68-kD protein that was the same size as the major DNAbinding species detected by Southwestern analysis and by Western analysis of mouse FM3A cell extracts with a polyclonal antiserum (data not shown). The difference between the predicted and measured molecular mass of the protein may be the result of its high proline content (see below) or its post-translational modification. Second, deletion of all the sequences in the cDNA preceding the AUG did not alter significantly the efficiency of expression of PEA3 in COS cells or in reticulocyte lysates, nor did it affect the size of the protein product (data not shown). Therefore, it would appear that this AUG is used to initiate PEA3 translation.
The 5'-untranslated region of the cDNA is composed of 125 nucleotides, whereas its 3'-imtranslated region comprises 620 nucleotides that do not include a poly(A) tail. There is a putative 3'-end formation-poly (A) signal Figure 3. Nucleotide and deduced amino acid sequence of PEAS. Nucleotide numbers are shown in roman type, and amino acid numbers (with the Met at nucleotide 126 as amino acid number 1) are in italics. The lowercase letters depict the amino acid sequence corresponding to a predicted ORF, which does not initiate with an AUG. The three boxed regions from the amino terminus to the carboxyl terminus include an acidic region, a glutamine-rich region, and the ETS domain. A putative polyadenylation signal (5'-AATAAA-3') is underlined.
Molecular cloning and characterization of PEAS
(5'-AATAAA-3'), 23 nucleotides from the end of the cDNA, suggesting that the 3' region of the cDNA includes most of the 3'-imtranslated sequences in the mRNA. However, the 5' end of the cDNA is incomplete.
Primer extension analyses suggest that the cDNA lacks >90 nucleotides from its 5' end (data not shown).
Translation of the ORF predicts a protein rich in proline (12%), glycine (10%), and serine (9%) residues.
These amino acids do not appear to be clustered in any particular region of the molecule. In contrast, the region between amino acids 124 and 150 is rich in acidic amino acids (33%) and that between 217 and 315 is rich in glutamine residues (17%). Acidic and glutamine-rich regions have been found previously in the activation domains of transcription factors (Johnson and McKnight 1989; Mitchell and Tjian 1989) . Comparison of the PEA3 DNA and amino acid sequence with those in the EMBL and Swiss Prot data bases revealed a region of sequence similarity at its carboxyl terminus to the Ets family of proteins. This region, termed the ETS domain, comprises -85 amino acids that define the DNA-binding domain of several Ets proteins (Karim et al. 1990 ). Alignment of the ETS domain of PEA3 with that of other members of the family revealed -60% sequence identity with most of the Ets family members (Fig. 4) . PEA3 is least related to Drosophila melanogaster E74 protein (49%) and murine PU.l, the product of the Spi-1 gene (36%). Comparison of the ETS domains of the 18 members of this family reveals that there are 19 invariant residues and 6 residues of similar structure within this region. A consensus ETS domain can be derived, which appears bipartite in structure: The amino-terminal half of the domain contains a conserved leucine cluster and a tryptophan repeat, whereas the carboxy-terminal half is rich in basic residues and tyrosine. The tryptophan repeat, three tryptophans spaced by 18-19 amino acids, has been recognized previously in the v-Myb oncoprotein as well as in Ets-related proteins (Anton and Frampton 1988; Karim et al. 1990 ).
DNA-binding domain of PEAS
To define the DNA-binding domain of PEA3, we derived separately a set of amino-terminal and carboxy-terminal deletion mutants of the GST-PEA3.1 fusion protein. These mutants were expressed in E. coli and the bacterial lysates used in EMSA with a radiolabeled probe bearing the PEA3 motif. We used this approach because PEA3 synthesized in vitro was incapable of binding to DNA. The results of this analysis are illustrated in Figure 5 . Each of the mutant proteins was expressed to approximately the same extent in E. coli, and this was about the same as native GST (Fig. 5 , cf. lane 1 with lanes 2-7 and 8-12). The results of the EMSA with each of the mutated proteins are illustrated in Figure 5B . Deletion of amino acids between the end of GST and PEA3 amino acid 331 had no effect on the capacity of the resulting fusion protein to bind to the PEA3 motif (cf. lanes 2 and 3). A deletion extending to amino acid 410 reduced, but did not abolish, the DNA-binding capacity of the fusion protein (cf. lanes 3 and 4). In contrast, deletion of 6 or more amino acids beyond this point completely abolished DNA binding at all concentrations of extract tested (lanes 5,6 ). This establishes the amino-terminal border of the DNA-binding domain between amino acids 410 and 416. Carboxy-terminal deletion mutants with end points in noncoding sequences (ASac) or in coding sequences up to amino acid 511 bound the DNA probe efficiently (lanes 11,12) . In contrast, all mutants with deletions larger than this failed to bind to the probe (lanes 8-10). These results place the carboxyl terminus of the PEA3 DNA-binding domain between amino acids 475 and 511. This analysis suggests that the DNA-binding domain of PEA3 is located within the region bound by amino acids 410 and 511, a segment that encompasses the ETS domain, which has been shown previously to function as the DNA-binding domain of several other Ets-related proteins (Karim et al. 1990) .
Tiansciiptional activation by recombinant PEAS
The PEA3 motif in the Py enhancer functions to activate transcription and viral DNA replication, implying that the factor that binds to this element augments both processes. To determine whether the cDNA borne by \PEA3.9 encodes a protein capable of enhancing transcription, we expressed it in HeLa cells and measured its capacity to effect expression of a reporter plasmid containing a minimal promoter composed of multimers of the PEA3 motif and a TATA element juxtaposed to the chloramphenicol acetyl transferase (CAT) gene and 3' processing/polyadenylation signals from SV40 (Fig. 6C) . As a control, we also tested the capacity of recombinant PEA3 to enhance CAT synthesis in the same cell line from a reporter bearing a mutated version of the PEA3 motif known to have much reduced affinity for PEA3 (mutant B, see Fig. 2A ). The reporter carrying the wildtype PEA3 motifs was expressed in HeLa cells, whereas that bearing a mutant version of this motif was not (Fig.  6A ,B, cf. lanes 1 and 3). This illustrates that efficient CAT gene expression is dependent on the PEA3 motif in these cells. Presumably, PEA3 activity endogenous to HeLa cells acts through the PEA3 motif to activate CAT transcription. Cotransfection of the reporters with an expression vector capable of encoding recombinant PEA3 enhanced expression of CAT by the reporter bearing the wild-type PEA3 elements by a factor of > 10-fold (Fig.  6A,B, lane 2) . Expectedly, recombinant PEA3 was unable to act through the mutant elements to activate CAT gene expression (Fig. 6A,B, lane 4) . These observations indicate that the cDNA encodes a transcriptional activator that functions through a wild-type, but not a mutant, PEA3 motif to enhance gene expression.
Expression of PEAS mRNA is cell specific
To establish the size and examine the cell specificity of expression of PEA3 RNA, equal amounts of total cellular RNA from various mouse, rat, monkey, and human cell lines of fibroblastic and epithelial origin were analyzed by Northern blot analysis with the PEA3.1 probe (Fig. 7) . Two RNA species (2.4 and 4.1 kb) of differing abundance were detected in all of the cell lines with the exception of the NSl mouse B-cell line. The failure to detect PEA3 RNA in this cell line was not the result of RNA degradation, because subsequent analysis of the same blot with a p-actin gene probe (Ponte et al. 1983 ) revealed the presence of essentially equal amounts of its transcript in 
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TTl each lane (data not shown). FM3A cells, from which the PEA3 cDNAs were isolated, expressed abundant quantities of the 2.4-kb RNA, as did mouse 3T3 and CI27 cells. In general, the murine cell lines preferentially expressed the 2.4-kb RNA, whereas the primate cell lines expressed the larger RNA in greater quantities than they did the smaller RNA. (The 4.1-kb RNA from human and monkey cells is somewhat larger than that from the mouse and rat cell lines.) It is not clear whether the 4.1-kb RNA is an alternate PEA3 RNA (derived by differential initiation, splicing, or termination/polyadenylation of transcription), or a PEA3-related species. Among the ets-related genes, only the 4.0-kb mouse Fli-1 mRNA, which is ubiquitously expressed, is about the same size as the larger PEA3 transcript (Ben-David et al. 1991) . To learn whether the failure to detect PEA3 RNA in the mouse B-cell line was unique to these cells, we also assayed other mouse T-cell lines, as well as numerous mouse erythroleukemic cell lines, for PEA3 RNA. We did not detect PEA3 transcripts in any of these cell lines (data not shown). These observations indicate that PEA3 RNA generally is not expressed in murine cells of lymphoid or erythroid origin.
To examine the tissue distribution of PEA3 mRNA, we isolated RNA from various mouse organs and used gene-specific, antisense RNA probes in RNase protection assays (Fig. 8) . Hybridization of the PEA3 probe with the tissue RNA followed by RNase digestion is expected to yield a radiolabeled product of 305 nucleotides, whereas hybridization of the RNA with the ribosomal protein gene probe (Dudov and Perry 1984) , used as a control, is expected to yield a protected fragment of 195 nucleotides (Fig. 8) . Among the tissues examined, only epididymis (lane 10) and brain (lane 2) expressed appreciable amounts of PEA3 RNA in comparison to the FM3A cell line (lane 14). Mammary glands (lane 13) also contained PEA3 RNA, but in amounts much reduced compared with these other organs. In keeping with data obtained from analyses of hematopoietic cell lines, neither the spleen (lane 6), the thymus (lane 8), nor the bone marrow (lane 11) expressed PEA3 RNA. These results indicate that the PEA3 gene is expressed in a tissue-restricted manner quite unlike that of any other ets gene.
PEAS expression is developmentally regulated
Previous analyses of expression of ets-related genes in D. melanogaster (Burtis et al. 1990 ) and Xenopus laevis ) have suggested that their protein products play a role in the early development of these organisms. To leam whether PEA3 might act similarly during early mammalian development, we used embryonic cell lines to investigate the expression of PEA3 RNA before and after the induction of their differentiation. The F9 and P19 lines of mouse embryonal carcinoma cells were induced to differentiate with retinoic acid. Under the conditions used, the F9 cells differentiated into cells akin to parietal extraembryonic endoderm, whereas the P19 cells became neurons and astrocytes (Rudnicki and McBurney 1987) . Total cellular RNA was isolated from the cells before and for various periods during retinoic acid treatment and examined for PEA3 transcripts by state amount of PEAS RNA. The decline in PEAS RNA was more rapid in P19 cells than in F9 cells. Under identical conditions, the amount of p-actin RNA per cell remained unchanged. These observations suggest that retinoic acid treatment of embryonal carcinoma cells reduces the synthesis or enhances the instability of PEAS RNA, and raise the prospect that PEAS expression is developmentally regulated during mouse embryogenesis.
Discussion
We have cloned mouse cDNAs that code for a transcriptional activator capable of binding to the PEAS motif. Several lines of evidence indicate that the protein encoded by these cDNAs corresponds to PEAS, the DNAbinding activity initially identified in mouse cells that binds to the Py enhancer (Martin et al. 1988) . First, the cDNA-encoded protein bound to DNA with the same sequence specificity as that endogenous to mouse FMSA cells. Second, the apparent molecular size of the protein product encoded by the ORF in the cDNA, synthesized either in vitro in reticulocyte lysates or in vivo in monkey COS cells, was the same as that of the endogenous mouse PEAS identified by Western or Southwestern analyses (data not shown). The discrepancy between the calculated molecular mass of PEAS (61 kD) and its molecular mass measured by SDS-PAGE (68 kD) may be a consequence of its high proline content or could be the result of post-translational modifications that cause its anomalous migration in polyacrylamide gels. In this regard we have recently found that PEAS is phosphorylated (data not shown). Whereas Southwestern analysis identified PEAS as the principal PEAS-specific DNA-binding activity in the mouse nuclear extracts, minor activities migrating with apparent molecular masses of 85 and 30 kD were also detected. These other PEAS motif-binding proteins do not correspond in size to any of the known mouse Ets proteins, which are all significantly smaller than PEAS. Bhat et al. (1987) have described a SO-kD protein that cross-reacts with antibodies to Ets-2 and is expressed preferentially in proliferating hepatocytes. This protein may be a stable Ets-2 degradation product or an Ets-related protein and could be the SO-kD species that we detected by Southwestern analysis. The nature of the 85-kD species is unknown,-it might be a novel B Figure 9 . Northern blot analysis of PEAS RNA in embryonal carcinoma cell lines. The sequence of PEAS has a number of interesting features. The protein is rich in proline, glycine, and serine residues, which are for the most part distributed throughout the protein. It may be noteworthy that the ETS domain contains few of these amino acids. PEAS, which functions as a transcriptional activator, possesses a 27-amino-acid region rich in acidic residues and a 99-amino-acid region with a high concentration of glutamine residues. The activation domains of several transcriptional activators are known to contain such motifs, but we currently do not know whether either of these regions in PEAS functions in this fashion. Although it is thought that PEAS acts in the cell nucleus, we have failed to find a nuclear localization signal by inspection of its sequence. Chicken, human, and mouse Ets-1 and Ets-2 are found predominantly in the nucleus (Boulukos et al. 1988 Pognonec et al. 1989; Koizumi et al. 1990) , and this location is specified, in the case of the chicken Ets-1 protein, by a region in its ETS domain that includes the sequence GKRKNKPK . The homologous segment in PEAS (GIQKNRPA) contains basic residues, but otherwise is related to that of chicken Ets-1 in only four of the eight positions. Whether PEAS is found exclusively in the nucleus and whether this sequence specifies nuclear localization remains to be established.
GENES & DEVELOPMENT
PEAS possesses a stretch of -80 amino acids that shares extensive sequence similarity with the ETS domain, a conserved region common to the Ets family of proteins (Karim et al. 1990) . In a number of other Ets proteins this region constitutes their DNA-binding domain (Karim et al. 1990) . Mapping experiments showed that the DNA-binding domain of PEAS comprises no more than 102 amino acids and includes the entirety of the ETS domain. More recently, we have shown that this region by itself is sufficient for sequence-specific binding of PEAS to DNA (data not shown). Comparison of the ETS domains of various proteins reveals several conserved features. The amino-terminal half of the ETS domain includes a leucine-rich region potentially capable of forming an a-helix, a partially overlapping 40-aminoacid stretch containing three tryptophans spaced 18 or 19 residues apart, and a region of -40 amino acids rich in basic residues that comprises the carboxy-terminal half of this domain. The first tryptophan in the repeat is common to all of the Ets proteins with the exception of PU.l, which contains tyrosine, an amino acid of similar structure, at this location. The tryptophan repeat, but not any of the intervening amino acids, has also been identified as a component of the Myb DNA-binding domain (Anton and Frampton 1988; Saikumar et al. 1990 ). This arrangement of amino acids suggests that the ETS domain is bipartite; the amino-terminal region may provide a structural framework to orient the positively charged carboxy-terminal amino acids to make base-specific contacts with DNA.
Recently, six members of the ets gene family have been shown to encode sequence-specific DNA-binding proteins. These include mouse PU.l (Klemz et al. 1990 ), chicken ), mouse , and human (Ho et al. 1991 ) Ets-1, Diosophila E74 (Burtis et al. 1990 ), chicken ) and human Ets-2 (Bosselut et al. 1990) , and rat GABPa (LeMarco et al. 1991; Thompson et al. 1991) . Each of these proteins recognizes similar motifs in DNA that share a centrally located 5'-GGAA-S' element. Although each of the Ets proteins known to bind to DNA appears to recognize a common core sequence, preliminary experiments suggest that these proteins may not bind to identical sequences in vitro. For example, PEAS does not bind to the sequence recognized by PU.l (5'-AGGAAC-S'), although PU.l binds to this sequence as well as that bound by PEAS (5'-AGGAAG-S') (S. Bowman and J.A. Hassell, unpubl.) . It is possible that all of the Ets proteins recognize the same central core sequence but that each protein interacts with unique bases that flank this core. Interestingly, the binding of GABPa to its cognate element is increased and stabilized by another protein, termed GABPp. Structurally unrelated domains in each protein mediate their interaction. The ETS domain and S7 carboxy-terminal flanking amino acids in GABPa and repeats of a SS-amino-acid motif in GABPp are required for heterodimerization of these proteins . The SS-amino-acid repeats are also found in ankyrin, a component of red blood cell membranes, in the plasma membrane protein products of the Notch gene of D. melanogaster and the glp-1 and lin-12 genes of Caenorhabditis elegans, and in the transcription regulatory proteins (the precursor to NF-KB and I-KB) (Thompson et al. 1991 and references therein) . Whether other or all Ets proteins dimerize with GABPp-like subunits and whether this serves as a means to regulate their activity remains to be determined. In this regard, we have been unable to detect an activity that increases or stabilizes the binding of recombinant PEAS to DNA. We have demonstrated, however, that several cellular proteins are capable of binding with specificity to PEAS affinity matrices (data not shown). More rigorous experiments need to be carried out to learn whether PEAS and other Ets proteins act with partners to bind avidly to DNA.
The mouse PEAS gene encodes an mRNA of -2.4 kb, which roughly corresponds in length (2410 bp) to the longest cDNA that we have cloned. Primer extension experiments, however, show that the cDNA lacks -90 nucleotides at its 5' end (data not shown), and the absence of a poly (A) tract indicates that an unknown number of nucleotides are missing from this end too. There is a putative poly(A)-addition signal (5'-AATAAA-S'), 2S nucleotides from the S' end of the cDNA, which, if functional, suggests that nearly all of the S'-noncoding sequences are represented in the cDNA. Poly(A) addition and S' end formation signals generally occur between 10 and 20 nucleotides upstream of the start of the poly(A) tail in the mRNA (Wickens 1990) .
A survey of the presence of PEAS RNA in various cell lines revealed that PEAS not only was expressed in mouse cells but also in cells of rat, monkey, and human origin, demonstrating that the PEAS gene is conserved and expressed in other species. Southern analyses confirm that the mouse PEAS gene is conserved among these species, and the simpHcity of the hybridization pattern is consistent with it being a single-copy gene (data not shown). Whereas PEAS RNA was readily detected in mouse cells of epithelial and fibroblastic origin, it was not found in cells of lymphoid or erythroid origin. Examination of mouse organs using a sensitive gene-specific RNase protection assay confirmed the absence of PEAS RNA in any of the hematopoietic tissues tested. This contrasts with the other mouse ets genes that have been identified to date in that each of these is expressed to high levels in cells of hematopoietic origin. For example, Ets-l and Ets-2 are expressed predominantly in the thymus and T lymphocytes (Bhat et al. 1989) ; Spi-1 is expressed preferentially in B cells and macrophages (Klemz et al. 1990 ); and Fli-1 is expressed in erythroleukemic cells as well as in the thymus and the spleen (Ben-David et al. 1991) . Whereas ets-l and Spi-1 transcripts have been detected only in cells of hematopoietic origin, ets-l and Fli-1 arc expressed in other tissues as well. PEAS is the only member identified to date that is apparently not expressed in these hematopoietic cells. In the mouse, expression of PEAS RNA is highly restricted; brain and epididymis, and, to a lesser degree, mammary glands, contained PEAS RNA. Although it is not clear what, if anything, these three organs have in common, this tissue-specific pattern of expression is unlike that of any other ets gene. It is interesting that FMSA cells, which were established after benzopyrene treatment of mouse mammary tissue, express PEAS RNA to higher levels than any other source of RNA examined, suggesting that PEAS overexpression may be linked to oncogenesis. This possibility is supported by our recent finding that PEAS RNA is overexpressed in the mammary glands of transgenic mice that carry and express the rat c-neu proto-oncogene (M. Trimble, W. Muller, and J.A. Hassell, unpubl.) . We are currently using in situ RNA hybridzation techniques to refine our analysis of the sites of expression of PEAS, and we are pursuing the possibility that overexpression of PEAS may be linked to malignancies, particularly of the mammary epithelium.
PEAS expression is not only restricted to certain tissues and cells, but it is also regulated during the differentiation of embryonal carcinoma cells in vitro. Induction of the differentiation of F9 and PI9 cells with retinoic acid results in a sharp drop in the steady-state amounts of PEAS RNA. Retinoic acid treatment of F9 cells directs their differentiation into cells that resemble parietal extraembryonal endoderm, whereas this agent induces P19 cells to differentiate into neurons and astrocytes. Therefore, extinction of PEAS RNA by retinoic acid occurs independent of the differentiation pathway that is induced. How retinoic acid manifests its effect is not known; it could negatively regulate PEAS RNA synthesis or enhance its degradation. Whatever the mechanism, the observation that PEAS expression is negatively regulated by retinoic acid provides a correlation between expression of this protein and early developmental events that commit stem cells to particular lineages, and raises the prospect that PEAS plays a transcriptional regulatory role during early mammalian development. To learn whether PEAS acts as a regulator of development, we plan to express dominant-negative mutants in transgenic mice and to disrupt the PEAS gene in the mouse germ line.
Materials and methods
Animal cell culture and preparation of nuclear extracts
FMSA cells were grown in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% bovine serum and antibiotics and maintained in a humidified CO^ atmosphere. Nuclear extracts were prepared by the method of Dignam et al. (1983) . F9 and P19 cells were grown on gelatin-coated Petri dishes in DMEM supplemented with heat-inactivated fetal bovine serum (10%). To induce their differentiation, F9 cells growing directly on gelatin-coated petri dishes were treated with 0.5 (JLM retinoic acid, whereas P19 cells were allowed to aggregate in bacterial petri dishes before addition of retinoic acid to 0.5 jim (Rudnicki and McBurney 1987) .
RNA isolation and analysis
Total cellular RNA was extracted from mammalian cells and mouse tissues by the modified guanidinium thiocyanate method (Sambrook et al. 1989) . For Northern analyses, 10 |xg of total cellular RNA was denatured with glyoxal and dimethylsulfoxide, fractionated by electrophoresis through a 1% agarose gel containing 10 mM NaP04 (pH 7.0), and transferred to a GeneScreen Plus membrane (Dupont) as described previously (Sambrook et al. 1989) . The membranes were prehybridized in 50% formamide, 1% SDS, 1.0 M NaCl, and 10% dextran sulfate for 2 hr at 42°C, and hybridization was carried out with a ^^P-labeled probe comprising the 1.6-kb £coRI fragment of pGEX .PEA3 cDNA (1 X 10^ cpm/ml) in a solution containing 100 |xg/ml of denatured salmon sperm DNA, 50% formamide, 10% dextran sulfate, and 1.0 M NaCl for 16 hr at 42°C. The membranes were washed sequentially in 2x SSC for 5 min at room temperature, in 2x SSC containing 1.0% SDS for 30 min at 65°C, and in 0.1 x SSC for 30 min at room temperature. Thereafter, the membranes were exposed to X-ray film with an intensifying screen at -70°C. When required, the membranes were stripped of the probe by boiling in distilled water for 10 min and rehybridized with an actin probe as described above.
RNase protection experiments were carried out using 15 |xg of total cellular RNA per assay as described (Melton et al. 1984) . The 365-nucleotide T7 antisense PEA3 probe, labeled with '^P and purified by polyacrylamide gel electrophoresis, spanned PEA3 nucleotides 559-864 and included 50 nucleotides from the vector, pGEM-7Zf( -I-). The 235-nucleotide mouse ribosomal protein L32 probe (Dudov and Perry 1984) was prepared with T3 RNA polymerase and purified as described above. The radiolabeled probes were hybridized overnight with various RNA samples, treated with RNases, and fractionated on denaturing polyacrylamide gels. RNA samples containing PEA3 RNA yielded a protected RNA species of 305 nucleotides, whereas those that carried the ribosomal protein gene transcript yielded a protected product 195 nucleotides in length.
Construction and analysis of cDNA libraries
To prepare the cDNA expression library, cytoplasmic RNA was isolated from mouse FM3A cells by the method of Favaloro et Sambrook et al. (1989) . Poly(A)'' RNA was purified from total cytoplasmic RNA using a Poly(A) Quick Kit (Stratagene). A \gtll cDNA library was constructed from this RNA using oligo(dT) and random hexamer primers (Sambrook et al. 1989 ). The primary library contained 2.0 x 10^ independent recombinants with insert sizes 1.0 kb or larger.
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The primary Xgtll cDNA library was screened by the in situ filter detection method Staudt et al. 1988; Vinson et al. 1988 ). The filter-bound proteins were denatured and renatured to enhance the signal (Vinson et al. 1988 ). Recombinant phage (5 X 10^) were screened at a density of 2 x IC^ per filter after lytic infection of E. coli strain Y1090 (Young and Davis 1983) . The probe that was used for screening the cDNA expression library was prepared by nick translation of a concatenated oligonucleotide with the following sequence: 5'-GATC-CAGGAAGTGAC-3'. A probe bearing a mutated version of the PEAS motif, 5'-GATCTAAAAAGTGACTAACG-3', was also prepared and used as a control for nonspecific binding. Each of the probes had a specific activity of >10® cpm/jjig. Nitrocellulose filters bearing transferred phage were subjected to a denaturation-renaturation cycle in 6.0 M guanidine hydrochloride in binding buffer [25 mM NaCl, 5 mM MgCla, 1 mM DTT, and 25 ruM HEPES (pH 7.9)]. The binding reaction was carried out in binding buffer supplemented with 0.25% nonfat dry milk, 10 fjLg/ml of denatured salmon sperm DNA, and 10^ cpm/ml of radiolabeled probe for 12 hr. After incubation with the probe, the filters were washed with binding buffer containing 0.25% nonfat dry milk, dried, and autoradiographed. All incubations and filter manipulations were performed at 4°C.
Expression of GST-PEA3 fusion protein in E. coli
The 1.6-kb, PEA3.1 £coRI fragment was cloned into the £coRI site of pGEX.SX (Pharmacia) yielding the recombinant plasmid pGEX.PEA3, which was transferred into the £. coli strain XL-1 Blue (Stratagene). Overnight cultures were diluted 1 : 10 and grown for 90 min before the addition of IPTG to 1 mM. After 2 hr, bacteria were collected and extracts were prepared as described . Samples of the bacterial extracts were electrophoresed through SDS-PAGE and the gels were stained with Coomassie brilliant blue to ensure that the GST-PEA3 fusion protein had been expressed. Extracts were stored at -80°C until use.
Electrophoretic mobility-shift assays
Binding reactions were performed in a final volume of 20 |xl containing 0.2 ng of radiolabeled DNA, 2 |xg of poly[d(I-C)] (Pharmacia), 1-10 |xg of protein in 50 mM Tris-HCl (pH 7.5), 50 mM NaCl, 2 mM DTT, 2 mM EDTA, and 2 mM spermidine. The reactions were carried out for 20 min at room temperature. To stop the reaction, 5 fxl of 10% glycerol -I-0.01% Orange G dye was added, and the samples were run on 5% polyacrylamide gels (40:1 ratio acrylamide/bisacrylamide) in 0.25x TBE [Ix TBE = 89 mM Tris-borate (pH 8.0) and 2 mM EDTA]. When employed, competitor DNAs were added at 100-fold molar excess before the addition of the radiolabeled DNA. The probes for DNA-binding reactions were obtained from recombinant plasmid DNAs that carried synthetic complementary oligonucleotides containing the PEA3 motif. The oligonucleotides were cloned by ligation into the BamHl site of pBluescript(KS) (Stratagene) and subsequently excised with flanking polylinker sequence to generate fragments of 40-60 bp in length. The DNA fragments were end-labeled with [7-^^P]ATP and polynucleotide kinase. The sequence of the oligonucleotide representing the PEAS motif used in the methylation interference experiment is 5'-GATCTAGGAAGTAAGTAACG-3', whereas that used in all of the other experiments is 5'-GATC-CAGGAAGTGAC-3'. These oligonucleotides share a central sequence, 5'-AGGAAGT-3', that includes the PEAS motif. When annealed to their complement the oligonucleotides carried 5'-GATC-3' projections, which facilitated their molecular cloning in different vectors. There was no difference in the activity of these oligonucleotides in the various assays in which they were used.
Methylation interference analysis
A DNA fragment containing a single PEAS motif (see above for sequence) was end-labeled using [^-^^PJATP and polynucleotide kinase. The radiolabeled DNA was partially methylated with dimethylsulfate (Maxam and Gilbert 1980) before adding it to the binding reactions. DNA (2 x 10^ cpm) was incubated in 50 |xl with 10 fj Lg of poly[d(I-C)] and either 15 |xg of FMSA cell nuclear extract or 3 | jLg of bacterial extract from E. coli harboring pGEX.PEAS as described above for EMSA. Bands corresponding to bound and free DNA were excised from the gel, and the DNA electroeluted, cleaved with ammonium acetate and piperidine (Maxam and Gilbert 1980) , and electrophoresed through a 15% acrylamide-urea denaturing gel in TBE.
Southwestern analysis
Bacterial and mouse cell extracts were electrophoresed through SDS-polyacrylamide gels and transferred to nitrocellulose (Miskimins et al. 1985) . The filters were treated with 5% powdered nonfat milk in 50 mM Tris-HCl (pH 7.5), 50 mM NaCl, 1 mM EDTA, and of 1 mM DTT. The same concatenated oligonucleotides used to screen the cDNA library were employed at 10^ cpm/ml in 50 mM Tris-HCl (pH 7.5), 75 mM NaCl, 1 mM EDTA, 1 mM DTT, and 5 |xg/ml of salmon sperm DNA. Binding reactions were carried out for 1 hr at room temperature. Thereafter, the filters were washed twice for 15 min in the same buffer lacking DNA, blotted on 3MM paper (Whatman), and exposed to X-ray film.
Sequencing of PEAS cDNAs
PEAS cDNAs were excised as EcoRI fragments from X.gtll and cloned into pGEM-7Zf(-f-) (Promega). A nested series of deletions spanning the cDNA insert were generated using exonuclease III and SI nuclease (Henikoff 1987) . Plasmid DNA was prepared by a modified alkali lysis procedure (Birnboim and Doly 1979) excluding treatment with lysozyme. Doublestranded DNA templates were sequenced by the dideoxy chaintermination method (Sanger et al. 1977) , using Sequenase reagents and protocols from U.S. Biochemical with modifications (Zhang et al. 1988 ). The complete DNA sequence was obtained from both strands of the cDNAs analyzed.
Computer analysis
Sequence entry, compilation, and ORE analysis was performed using MacVector Sequence Analysis Software (IBI). The EMBL and Swiss-Prot data bases were searched with the PEAS DNA sequence and its predicted ORE using the PC/Gene FSTNSCAN and FSTPSCAN programs (Intelligenetics). Multiple sequence alignments of the ets family members was accomplished by the PC/Gene CLUSTAL program (Intelligenetics).
Construction of PEAS deletion mutants
Amino-terminal and carboxy-terminal deletion mutants of the GST-PEA3 fusion gene were generated by use of polynucleotide chain reaction (PCR) with pairs of primers corresponding in sequence to the desired end points. The amino-terminal deletion mutants were generated with primer pairs; the variable primer "5'-primer" included sequences corresponding to an £coRI site and an additional 21 nucleotides corresponding in sequence to the desired end point in PEAS (5'-GGAATCCN21-3'), whereas the "3'-common primer" was complementary to the last 12 nucleotides in the cDNA and terminated in an £coRI site (5'-GAATTCCGATCAATTTTGC-3'). Carboxy-terminal deletion mutants were generated similarly. The common 5' primer was identical in sequence to those that span the GST-PEAS junction of pGEX-PEA3.1 and included an internal £coRI site (5'-CGGGAATTCCCTCCTGAGAGCCA-3'); the variable 3' primers corresponded in sequence to the desired end point and included an in-frame stop codon followed by an £coRI site (5'-CGGAATTCCTAN20-3'). After PCR, the amplified DNA fragments were cleaved with £coRI, separated by agarose gel electrophoresis, and the appropriate sized fragment was eluted, purified and, finally, cloned into the £coRI site of pGEX-3X.
DNA transfections and CAT assays
HeLa cells growing as monolayers were transfected with 2.5 jjig of reporter plasmid DNA in the presence or absence of 7.5 jjig of effector plasmid DNA using the calcium phosphate technique (Mueller et al. 1988) . Cell lysates were prepared 48 hr after transfection, and CAT assays were carried out as described previously (Mueller et al. 1988) . The various DNAs were tested in duplicate on three separate occasions by using independent preparations of reporter and effector DNAs.
